INTRODUCTION
============

There is growing evidence that pharmacologically elevating brain endocannabinoids (eCBs) share anxiolytic and antidepressant properties with classical therapeutics, including the selective serotonin reuptake inhibitors (SSRIs) ([@bib8]; [@bib29]; [@bib39]; [@bib53]; [@bib58]; [@bib60]). Additionally, there are known functional interactions between the eCB and serotonin systems and indications that antidepressants cause alterations in brain eCBs. The deletion of CB1 receptor (CB1R) located on serotonin neuron terminals ([@bib31]) increases serotonin release ([@bib3]) but has modest effects on behavioral responses to stress ([@bib23]). Prior studies have also found that chronic fluoxetine treatment increases CB1R binding, CB1R-mediated G-protein signaling, and cAMP pathway activity (PKA, pCREB) in the prefrontal cortex (PFC) ([@bib51]; [@bib77]) (cf. [@bib38]). Furthermore, chronic fluoxetine increases hippocampal levels of calcineurin ([@bib17]), a Ca(2+)-activated phosphatase that mediates eCB-dependent synaptic plasticity in limbic regions ([@bib35]). In turn, gene deletion of fatty acid amide hydrolase (FAAH), the principal enzyme responsible for the degradation of the eCB, anandamide (*N*-arachidonylethanolamine), excites serotonin neurons, increases extracellular serotonin, and desensitizes 5-HT2A and 5-HT2C receptors in the cortex ([@bib5]; [@bib16]; [@bib26]). Behaviorally, blocking CB1 receptors (CB1Rs) prevents antidepressant- and anxiety-related effects of acutely administered fluoxetine ([@bib75]). This reciprocal relationship between eCBs and SSRIs suggests that there may be common neural mechanisms underlying their anxiolytic and antidepressant-related effects.

Fear extinction is a measure of learned inhibition of conditioned fear that has proven valuable as a translational assay for studying novel treatments for stress- and trauma-related disorders ([@bib11]; [@bib54]; [@bib71]). Gene deletion or pharmacological antagonism of CB1R profoundly impairs extinction, whereas augmenting eCBs, or amygdala anandamide specifically, facilitates extinction ([@bib9]; [@bib30]; [@bib53]). In parallel to this work on eCBs, a number of recent studies have demonstrated that chronic treatment with fluoxetine, but not certain other SSRIs, such as citalopram ([@bib14]), facilitates extinction ([@bib15]; [@bib19], [@bib20]; [@bib33]; [@bib48]; [@bib59]; [@bib64]; [@bib66]; [@bib72]). Conversely, acute fluoxetine administration increases conditioned fear in rodents; reminiscent of the heighted anxiety experienced by some patients during the early stages of SSRI treatment ([@bib13]).

The mechanisms underlying fluoxetine\'s extinction-facilitating effects remain poorly understood. Recent work ([@bib48]; [@bib64]) has shown that chronic fluoxetine increases long-term potentiation (LTP) and excitatory currents at lateral amygdala (LA) synapses, alters a range of amygdala plasticity-related proteins, including the extinction-consolidating brain-derived neurotrophic factor (BDNF) ([@bib1]; [@bib62]), and decreases amygdala expression of fear memory-conserving perineuronal nets (PNNs) ([@bib28]). However, despite the known interactions between the eCB and 5-HT systems and similarities in the effects of fluoxetine and eCB-augmenting drugs, the role of eCBs to fluoxetine\'s effects on extinction and associated amygdala functions remains unexplored. Here, integrating biochemical, electrophysiological, and pharmacological approaches, we tested for a mechanistic contribution of eCBs to fluoxetine\'s proextinction effects in a mouse strain (129S1/Sv1mJ) model of impaired extinction ([@bib15]).

MATERIALS AND METHODS
=====================

Subjects
--------

Subjects were male 8- to 12-week-old 129S1/Sv1mJ (S1) mice obtained from The Jackson Laboratory (Bar Harbor, ME). This mouse strain exhibits impaired fear extinction that is rescued by various pharmacological manipulations, including FAAH inhibitors ([@bib43]). Mice were housed 2 per cage in a temperature- and humidity-controlled vivarium under a 12-h light--dark cycle (lights on 0600 hours). Experimental procedures were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and approved by the local NIAAA and Vanderbilt Animal Care and Use Committees. The number of mice used in each experiment is indicated in the figure legends.

Fluoxetine and Citalopram Treatment
-----------------------------------

Mice were provided with 120 mg/l fluoxetine hydrochloride (LKT Laboratories, St Paul, MN, USA) in (their only source of) drinking water, as described previously ([@bib15]; [@bib24]; [@bib48]; [@bib44]). The dose and concentration was chosen based on previous data in mice ([@bib41]; [@bib47]; [@bib59]) to achieve a dose of \~10 mg/kg. Non-treated controls received water alone. Solutions were refreshed weekly. Fluoxetine and water consumption was measured from bottle weights (corrected for evaporation and spillage) and converted to a daily dose expressed in mg/kg body weight. For chronic treatment, the drug was given for 21 days before killing/fear conditioning. The procedure was the same for subchronic fluoxetine treatment, with the exception that treatment was 7 days in duration. Chronic citalopram treatment was the same as for chronic fluoxetine treatment.

Brain and serum levels of fluoxetine and citalopram were determined in a cohort of mice by liquid chromatography/tandem mass spectrometry (LC-MS/MS) using chromatographic and mass spectrometer conditions based on previously described methods ([@bib30]). The molecular ion and fragments were measured by multiple reactions monitoring as follows: *m*/*z* 310.1→148.2 and 310.1→91.1 for fluoxetine (CID-energy: 0 and 80 V, respectively) and *m*/*z* 325.2→109 and 325.2→262.1 for citalopram (CID-energy: 24 and 16 V, respectively). The amounts of fluoxetine and citalopram in the samples were then determined against standard curves, with values expressed as ng/g or ng/ml in wet brain tissue weight or serum volume and then converted into nM free concentration values (based on plasma binding for each drug; [@bib2]; [@bib55]). The calculated free concentration values were serum fluoxetine=20 nM, citalopram=307 nM, tissue fluoxetine=456 nM, and tissue citalopram=2136 nM.

Fluoxetine Effects on Amygdala eCBs
-----------------------------------

To examine the effects of fluoxetine on anandamide and 2-arachidonylglycerol (2-AG) levels, mice were treated with the drug for 21 days (as above) and killed the following day. Brains were removed and the BLA (see [Figure 1a](#fig1){ref-type="fig"}), ventromedial PFC, dorsal hippocampus (DH), and dorsolateral striatum were dissected on ice using 1- and 2-mm-diameter micropunches. Tissue was homogenized in 80--100 μl Tris (pH 8.0) buffer and protein concentrations determined using the Bradford assay with bovine serum albumin as a standard. Lipids were extracted and anandamide and 2-AG levels quantified by liquid chromatography/tandem mass spectrometry, using multiple reactions monitoring, as described previously ([@bib30]). The mass spectrometer was set for electrospray ionization operated in positive ion mode. The molecular ion and fragments for each compound measured were as follows: *m*/*z* 352.3→66.1 and 352.3→91 for \[^2^H~4~\] anandamide (CID-energy: 12 and 56 V, respectively), *m*/*z* 348.3→62.1 and 348.3→91 for anandamide (CID-energy: 12 and 48 V, respectively), and *m*/*z* 379.3→91 and 379.3→67.1 for 2-AG (CID-energy: 64 and 56 V, respectively). Analytes were quantified using MassHunter Workstation LC/QQQ Acquisition and MassHunter Workstation Quantitative Analysis (Agilent Technologies). Levels of anandamide and 2-AG in each brain region were determined against standard curves and expressed as fmol/mg (anandamide) or pmol/mg (2-AG) of protein.

To explore possible effects of fluoxetine on amygdala eCB production and degradation, mice were treated with the drug for 21 days and killed the following day to remove the BLA. BLA punches were stored in RNAlater and kept in −20 °C until RNA extraction. Total RNA was isolated with RNeasy Kit (Qiagen, Germantown, MD) followed by DNase I treatment (Invitrogen, Grand Island, NY, USA) to eliminate DNA, to purify RNA. Reverse transcription was performed with 0.1 μg of total RNA using the Iscript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and a C1000 Thermal Cycler (Bio-Rad). We measured gene expression of the eCB-synthesizing enzymes, diacylglycerol lipase alpha (*Daglα*) (Qiagen; cat. no.: QT00167706, lot. no.: 180289526), diacylglycerol lipase beta (*Daglβ*) (Qiagen; cat. no.: QT00173453, lot. no.: 180289525), phospholipase C beta 1 (*Plcb1*) (Qiagen; cat. no.: QT00173817, lot no.: 180289525), and *N*-acyl phosphatidylethanolamine phospholipase D (*Napepld*) (Qiagen; cat. no.: QT00165347, lot. no.: 180300989), and the anandamide-degrading enzymes, *Faah* (Qiagen; cat. no.: QT00149520, lot. no.: 180289529) and cyclooxygenase-2 (*Cox2*) (Qiagen; cat. no.: QT00165347, lot. no.: 180300989). Gene expression was quantified with QuantiTect Primer Assay and Power SYBR Green PCR master mix (Applied Biosystems, Grand Island, NY) using a StepOnePlus Real-Time PCR instrument (Applied Biosystems) and normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (*Gapdh*) (Qiagen; cat. no.: QT01658692, lot. no.: 176907735) using the QuantiTect Primer Assay.

Fluoxetine Effects on Amygdala FAAH Activity
--------------------------------------------

To examine the effects of fluoxetine on amygdala FAAH activity, mice were treated with the drug for 21 days and killed the following day. Brains were removed and the BLA dissected on ice using 1-mm-diameter micropunches. Tissue was homogenized in 10 mM (pH 7.6) Tris-HCl buffer containing 1 mM EDTA and centrifuged at 1000 *g* to remove cell debris. Tissue was assayed for FAAH activity via measurement of the release of \[^3^H\]ethanolamine from \[^3^H\]anandamide labeled on the ethanolamine moiety, as described previously ([@bib30]). The tissue homogenate (30 μg) was mixed with radiolabeled \[^3^H\]anandamide (containing 10 mg/ml fatty acid-free bovine serum albumin) and unlabeled anandamide to produce samples of 200 μl total volume.

Labeled and unlabeled chemicals were obtained from American Radiolabeled Chemicals (St Louis, MO) and Cayman Chemical Company (Ann Arbor, MI), respectively. Samples were incubated at 37 °C with continuous shaking in a water bath. 'Blank\' samples contained assay buffer, instead of the homogenate, were incubated in the same manner. Incubation was stopped after 15 min by placing the tubes on ice, and 400 μl of 1 : 1 chloroform/methanol was added to the samples. Samples were then vortexed 3 × followed by centrifugation to produce phase separation. Two hundred microliters of the upper aqueous phase was removed and analyzed for radioactivity by liquid scintillation counting. The blank sample values were subtracted from each count.

Fluoxetine Effects on *In vitro* FAAH Activity
----------------------------------------------

To examine the direct effect of fluoxetine on FAAH activity *in vitro*, an FAAH inhibitor Screening Assay Kit (Cayman, Ann Arbor, MI) was used. This is a fluorescence-based method, where recombinant human FAAH enzyme hydrolyzes the fluorophore attached synthetic substrate, and the fluorescence release was analyzed by using an excitation wavelength of 340--360 nm and an emission wavelength of 450--465 nm as per the instructions given in the kit. The effect of fluoxetine (1 nM--10 μM) on FAAH inhibition was tested against human recombinant FAAH and compared with a reference FAAH inhibitor AM3506 ([@bib27]).

Fluoxetine Effects on Amygdala Synaptic Transmission
----------------------------------------------------

To examine the effects of fluoxetine on inhibitory and excitatory (in separate cohorts of mice) transmission in the amygdala, mice were treated with the drug for 21 days and slice electrophysiological experiments were performed using previously described methods ([@bib30]; [@bib65]). To ensure reliable electrophysiological recordings, mice were drug-treated beginning at 5 weeks of age to perform recordings when they were still young (8-week-old) adults. Mice were deeply anesthetized with isoflurane, and then transcardially perfused with ice-cold high sucrose, low Na^+^-containing ACSF and killed by decapitation. The brain was quickly removed and a 3 mm coronal block containing the BLA was cut using an ice-chilled, coronal brain matrix (see [Figure 2a](#fig2){ref-type="fig"}). Hemisected coronal 250-μm-thick slices were cut using a Leica VT1000S vibratome (Leica Microsystems, Bannockburn, IL) in a 1--4 °C oxygenated (95% (v/v) O~2~, 5% (v/v) CO~2~) high sucrose, low Na^+^-containing ACSF comprised of (in mM): 208 sucrose, 2.5 KCl, 1.6 NaH~2~PO~4~, 1 CaCl~2~·2H~2~O, 4 MgCl~2~·6H~2~O, 4 MgSO~4~·7H~2~O, 26 NaHCO~3~, 1 ascorbate, 3 Na-pyruvate, and 20 glucose. Slices were transferred to a 32 °C oxygenated recovery buffer composed of (in mM): 100 sucrose, 60 NaCl, 2.5 KCl, 1.4 NaH~2~PO~4~, 1.1 CaCl~2~·2H~2~O, 3.2 MgCl~2~·6H~2~O, 2 MgSO~4~·7H~2~O, 22 NaHCO~3~, 1 ascorbate, 3 Na pyruvate, and 20 glucose for 20 min, followed by a minimum of 30 min in 24 °C, oxygenated ACSF (in mM): 113 NaCl, 2.5 KCl, 1.2 MgSO~4~·7H2O, 2.5 CaCl~2~·2H~2~O, 1 NaH~2~PO~4~, 26 NaHCO~3~, 1 ascorbate, and 3 Na pyruvate, and 20 glucose.

Slices were then placed in a submerged recording chamber where they were continuously perfused with oxygenated ACSF (23--25 °C) at a flow rate of 2--3 ml/min. To pharmacologically isolate GABAergic transmission, the ACSF was supplemented with 50 μM of the NMDA receptor blocker, 2-amino-5-phosphonopentanoic acid sodium salt (AP-5), and 20 μM of the AMPA receptor blocker, 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX). To isolate glutamatergic transmission and to avoid population activity, the ACSF was supplemented with the GABA~A~ receptor antagonist 50 μM picrotoxin (Abcam, Cambridge, MA) and 50 μM of AP5, respectively. For all experiments, 0.5 g/l of fatty acid-free bovine serum albumin (Sigma-Aldrich, St Louis, MO) was also added to the ACSF to increase solubility of the CB1R antagonist, SR141716, and minimize nonspecific binding of this lipophilic compound. AP-5, CNQX and SR141716 were generously provided by the NIH Drug Supply Program (Bethesda, MD).

Whole-cell recordings were obtained from BLA pyramidal cells visualized using a Nikon microscope equipped with differential interference contrast video microscopy. Recordings were performed using pipettes pulled from borosilicate glass (3--5 MΩ resistance). For IPSP recordings, pipettes were filled with K^+^-based high \[Cl\]~i~ pipette solution containing (in mM): 70 K^+^ gluconate, 4 NaCl, 10 HEPES, 60 KCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na phosphocreatine, and 0.6 EGTA (285mOsm, adjusted to pH 7.30--7.35 with KOH). For EPSP recordings, pipette solution contained (in mM): 125 K^+^ gluconate, 4 NaCl, 10 HEPES, 20 KCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na phosphocreatine, and 10 QX-314 boromide to avoid action potentials. Whole-cell recordings were made using an Axopatch 700B amplifier (Molecular Devices, Sunnyvale, CA).

GABAergic and glutamatergic neurotransmission was elicited by current stimulation via an ACSF-filled glass electrode placed \~100 μm from the cell soma with stimulation intensities ranged from 10 to 40 μA. SR141716 (5 μM) application studies were performed under current-clamp conditions and the membrane potential was maintained near −70 mV by constant current injection. Input resistance was monitored throughout the experiment and the cell was rejected if the input resistance changed by \> 20%. Current stimulation was used to evoke inhibitory or excitatory postsynaptic potentials (eIPSPs and eEPSPs, respectively) at a rate of 0.1 Hz. Evoked responses were elicited at 50--60% of maximal response amplitude and 6 consecutive responses were averaged to generate one data point per minute. Following a 6-min baseline, SR141716 was bath applied. The magnitude of the drug effect was calculated as a percentage of averaged responses relative to predrug baseline.

Depolarization-induced suppression of inhibition (DSI) was examined under voltage-clamp conditions where cells were recorded at a holding potential of −70 mV. Evoked inhibitory postsynaptic currents (eIPSCs) were elicited at a rate of 0.5 Hz. To induce DSI, a depolarizing pulse (−70 to 0 mV) was applied to the postsynaptic neuron for 10 s. Maximum DSI was classified as the first eIPSC following the depolarizing pulse. Within each DSI trial, eIPSC amplitudes were normalized to the averaged baseline response and data from 2 DSI trials, per cell, were averaged for analyses. Access resistance (*R*~a~) was monitored online and cells that demonstrated a \>20% change in *R*~a~ were excluded from analysis. Offline data analysis was performed using Clampfit 9 program (Molecular Devices, Sunnyvale, CA).

Fluoxetine Effects on Fear Extinction: eCB Dependence
-----------------------------------------------------

To examine the effects of fluoxetine on fear extinction, mice were fear conditioned and then (beginning the next day) treated with the drug for 23 days (extinction training on day 22, retrieval on day 23), as described previously ([@bib25]; [@bib30]). Mice were conditioned in Context A (a 27 × 27 × 11 cm^3^ chamber with a metal-rod floor, cleaned with a 79.5% water/19.5% ethanol/1% vanilla extract solution). After a 180-s acclimation period, there were 3 × pairings (60--120 s interpairing interval) of the conditioned stimulus (CS; 30 s, 75 dB, 3 kHz tone) and the unconditioned stimulus (US; 2 s, 0.6 mA scrambled foot shock), in which the US was presented during the last 2 s of the CS. The session ended 120 s after the final CS--US pairing. Stimulus presentation was controlled by the Med Associates VideoFreeze system (Med Associates, Burlington, VT). Freezing (no visible movement except respiration) was scored every 5 s by an observer blind to condition/treatment and converted to a percentage ((freezing observations/total observations) × 100).

We next tested whether fluoxetine\'s effects on extinction were eCB-dependent. Mice were fear conditioned and then chronically fluoxetine-treated, as above. Mice were then injected with the 1 mg/kg of the CB1R antagonist, SR14176 (provided by the NIH Drug Supply Program, Bethesda, MD), suspended in an 18 : 1 : 1 saline/Tween-80/DMSO solution and injected intraperitoneally in a volume of 10 ml/kg body weight), or vehicle, 50 min before extinction training. Extinction training was conducted in a novel context (context B cylinders with black/white-checkered walls and a solid Plexiglas opaque floor cleaned with a 1% acetic acid/99% water solution) housed in a different room from conditioning. After a 180-s acclimation period, the CS was presented 50 × (5-s inter-CS interval). Freezing during extinction was averaged to 5-trial blocks for analysis. Extinction retrieval was tested the following day in context B. After a 180-s acclimation period, there were 3 × CS presentations (5-s inter-CS interval). For schematic of the experimental design, see [Figure 3a](#fig3){ref-type="fig"}.

Fluoxetine Effects on Amygdala-Mediated eCB-Dependent Fear Extinction
---------------------------------------------------------------------

To test whether the effects of fluoxetine on extinction were dependent on eCBs, specifically within the BLA, mice were fear conditioned and then chronically fluoxetine-treated, as above. Two μg/μl SR14176, or vehicle, was bilaterally infused into the BLA 30 min before extinction training. For intra-BLA microinfusions, 26-gauge bilateral guide cannulae (Plastics One, Roanoke, VA) were stereotaxically targeted under isoflurane anesthesia to the BLA (−1.40 mm anterior--posterior, ±3.30 mm mediolateral, −3.90 mm ventral to Bregma) and held in place with dental cement. Mice were singly housed and given a 7-day postsurgery recovery period during which dummy cannulae were replaced daily to habituate them to handling of cannulae and prevent blocking. Drug was suspended as described above and infused via bilateral 33-gauge injectors (Plastics One, Wallingford, CT) projecting 1 mm past the guide cannula, in a volume of 0.5 μl per hemisphere over 2 min using a syringe pump (Harvard Apparatus PHD 22/2000; Harvard Apparatus Holliston, MA). Injectors were left in place for a further 3 min to allow drug diffusion into the tissue. For schematic of the experimental design, see [Figure 3b](#fig3){ref-type="fig"}.

To verify accurate BLA cannula placements at the completion of testing, mice were terminally overdosed with ketamine/xylazine and transcardially perfused with phosphate-buffered saline, and then 4% paraformaldehyde (PFA). After suspension in 4% PFA overnight and then 4 °C 0.1 M phosphate buffer for 1--2 days, 50 μm coronal sections were cut with a vibratome (Classic 1000 model; Vibratome, Bannockburn, IL). Cannula location was determined with the aid of an Olympus BX41 microscope (Olympus, Center Valley, PA) and mice without bilateral placements were removed from the analysis (for cannula placement estimates, see [Figure 3b](#fig3){ref-type="fig"}).

Fluoxetine and FAAH Inhibitor Effects on Fear Extinction
--------------------------------------------------------

To test the effects of the FAAH inhibitor, AM3506, on fear extinction, mice were injected with 1 mg/kg AM3506 (synthesized at Northeastern University suspended in an 9 : 1 saline/DMSO solution and injected intraperitoneally in a volume of 10 ml/kg body weight), or vehicle, 1 h before extinction training. Retrieval was tested 10 days later (for schematic of the experimental design, see [Figure 3c](#fig3){ref-type="fig"}).

Next, to examine the effects of combined treatment with fluoxetine and AM3506, mice were fear conditioned and chronically fluoxetine-treated, as above: then injected with 1 mg/kg AM3506, or vehicle, 60 min before extinction training. Retrieval was tested, as above, 10 days later (for schematic of the experimental design, see [Figure 3d](#fig3){ref-type="fig"}). We repeated the same experimental design in a separate cohort of mice, but used subthreshold doses of fluoxetine (5 mg/kg) and AM3506 (0.1 mg/kg).

Citalopram Effects on Fear Extinction and Amygdala eCBs
-------------------------------------------------------

To examine the effects of citalopram on fear extinction, mice were fear conditioned and then chronically citalopram-treated, using the same procedures described above for fluoxetine (for schematic of the experimental design, see [Figure 4a](#fig4){ref-type="fig"}). A separate cohort of mice was chronically treated with citalopram in the same manner and measured for brain eCB levels (for schematic of the experimental design, see [Figure 4b](#fig4){ref-type="fig"}).

Statistical Analysis
--------------------

Data were analyzed using *t*-tests or analysis of variance (ANOVA), followed by Newman--Keuls *post hoc* tests where appropriate. The threshold for statistical significance was set at *P*\<0.05.

RESULTS
=======

Fluoxetine Augments Amygdala Anandamide Levels and Inhibits FAAH Activity
-------------------------------------------------------------------------

We first assessed the potential effects of chronic fluoxetine treatment on brain eCBs. Using liquid chromatography/tandem mass spectrometry (LC/MS/MS), we found that levels of the eCB, anandamide, were significantly elevated in the BLA of fluoxetine-treated mice, as compared with water-drinking controls (*t*(29)=2.30, *P*\<0.05, *n*=15--16) ([Figure 1a](#fig1){ref-type="fig"}). Levels of oleoylethanolamide, a lipid mediator and non-cannabinoid analogue of anandamide and substrate of FAAH, were also elevated in the BLA after fluoxetine treatment (*t*(29)=2.19, *P*\<0.05, *n*=15--16) ([Figure 1b](#fig1){ref-type="fig"}). We also detected higher anandamide levels in the dorsal striatum (*t*(27)=2.25, *P*\<0.05, *n*=12--17) and DH (*t*(26)=2.13, *P*\<0.05, *n*=14) but not PFC (*P*\>0.05), in the fluoxetine-treated mice ([Figure 1c](#fig1){ref-type="fig"}). By contrast, with the exception of a modest increase in the DH (*t*(26)=2.10, *P*\<0.05, *n*=14), fluoxetine treatment did not affect levels of the other major eCB, 2-AG, in any of the brain regions examined ([Figure 1d](#fig1){ref-type="fig"}). Moreover, subchronic (7-day) fluoxetine treatment failed to alter eCB levels in any brain region examined, including the BLA ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Given the prominent role of FAAH In the regulation of brain anandamide levels, we determined the effects of fluoxetine treatment on FAAH gene expression and FAAH activity. No changes were seen in *Faah* gene expression (*t*-tests: *P*\>0.05; [Figure 1e](#fig1){ref-type="fig"}), or other eCB-synthesizing enzymes, *Daglα*, *Daglβ*, *Plcb1*, or *Napepld*, and anandamide-degrading enzymes, *Cox2*, (all *t*-tests: *P*\>0.05; [Figure 1e](#fig1){ref-type="fig"}). To rule out the possibility that fluoxetine increases AEA levels via direct inhibition of FAAH enzymatic activity, we showed that fluoxetine did not inhibit hFAAH activity *in vitro* under conditions in which the FAAH inhibitor AM3506 markedly inhibited hFAAH activity in a concentration-dependent manner (EC~50~ value=35 nM) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). However, the catalytic activity of FAAH was significantly reduced in the BLA of the fluoxetine-treated mice (69.5±2.8 fmol/mg/min), relative to water controls (77.5±2.3 fmol/mg/min) (*t*(13)=2.18, *P*\<0.05, *n*=6--9) ([Figure 1f](#fig1){ref-type="fig"}). These data suggest that chronic fluoxetine treatment could indirectly augment BLA anandamide levels, possibly via post-translational inhibition of FAAH activity.

Fluoxetine Amplifies eCB-Mediated Suppression of Inhibitory Amygdala Transmission
---------------------------------------------------------------------------------

Prior work has shown that anandamide regulates certain forms of synaptic transmission in the BLA and causes long-term depression of inhibitory transmission ([@bib30]) via CB1Rs located on GABAergic terminals ([@bib46]). We therefore next assessed whether fluoxetine affected eCB-mediated inhibitory transmission in the BLA, by recording GABAergic synaptic potentials in brain slices of fluoxetine-treated mice.

Recordings showed that, application of the CB1R antagonist, SR141716, caused a significant increase in IPSP amplitude in fluoxetine-treated mice, but not water controls (treatment × time interaction: F1,35=5.04, *P*\<0.01, *n*=4--6 cells from *n*=4--6 mice) ([Figure 2b](#fig2){ref-type="fig"}). The maximum IPSP amplitude in the presence of SR141716 was \~50% higher in fluoxetine-treated mice (*t*(9)=3.67, *P*\<0.01) ([Figure 2c](#fig2){ref-type="fig"}). Conversely, when we measured excitatory transmission, SR141716 had no effect of EPSP amplitude in either water or fluoxetine-treated mice (*n*=9--12 cells from *n*=3--4 mice) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Taken together, these data reveal an amplification of CB1R-mediated tonic suppression of inhibitory, but not excitatory, transmission after fluoxetine treatment that is unmasked by CB1R blockade. As our LC/MS/MS data indicated that fluoxetine increased levels of anandamide and not 2-AG, we reasoned that there would be relatively limited alterations in BLA synaptic functions after fluoxetine treatment and, specifically, that 2-AG-mediated functions would not be affected. To test this proposition, we measured DSI: a 2-AG, but not anandamide ([@bib34]), dependent form of short-term plasticity previously observed in the BLA ([@bib61]; [@bib80]; [@bib70]). We showed that a depolarizing pulse from −70 to 0 mV significantly reduced eIPSC amplitude for \~20 s, indicating DSI. However, and consistent with our prediction, fluoxetine treatment affected neither the duration (*t*-test: *P*\>0.05, *n*=6 cells from 3 mice) ([Figure 2d](#fig2){ref-type="fig"}) nor maximum extent (*t*-test: *P*\>0.05, *n*=6 cells from 3 mice) ([Figure 2e](#fig2){ref-type="fig"}) of DSI.

The results of these electrophysiological experiments show that fluoxetine-induced increases in anandamide are associated with the amplification of eCB-mediated tonic constraint of inhibitory transmission in the BLA.

Fluoxetine Facilitates Extinction Through CB1R Signaling
--------------------------------------------------------

Prior work has shown that the depression of inhibitory synaptic transmission in the BLA, which is produced by increasing anandamide levels by administration of an FAAH inhibitor, is associated with the facilitation of fear extinction ([@bib30]). On this basis, our next step, therefore, was to ask whether fluoxetine produced an extinction-facilitating effect via eCB signaling in the BLA.

We first examined whether systemic blockade of CB1Rs prevented the extinction-facilitating effects of chronic fluoxetine treatment, by injecting fluoxetine-treated mice with SR141716 before extinction training. Results indicated a significant increase in freezing across conditioning trials (F1,43=11.14, *P*\<0.01, *n*=9--15). Drug treatment did not affect freezing during the initial trial block of extinction training (ANOVA effect for treatment effect: *P*\>0.05)---a measure of fear expression. There was a small but significant decrease in freezing across extinction training (F1,43=452.72, *P*\<0.01) that is typical of the impaired extinction shown by the S1 mouse strain ([@bib30]). In line with previous findings, neither fluoxetine ([@bib25]) nor SR141716 ([@bib30]) affected freezing on extinction training in this strain (*P*\>0.05) ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). During extinction retrieval, however, fluoxetine-treated mice froze significantly less than water controls, and this effect was absent in mice that had been injected with SR141716 (ANOVA effect for treatment effect: F3,43=2.82, *P*\<0.05; *post hoc* comparisons: water *vs* fluoxetine *P*\<0.05, fluoxetine *vs* fluoxetine+SR141716 *P*\>0.05, fluoxetine *vs* SR141716 *P*\>0.05) ([Figure 3a](#fig3){ref-type="fig"}).

Our systemic pharmacological experiment showed that fluoxetine\'s pro-extinction efficacy is dependent on CB1Rs, but did not localize this effect to the brain region (BLA) where we found that fluoxetine exerted its effects on FAAH activity and synaptic functions. We therefore next blocked CB1R specifically within the BLA before extinction training via microinfusions of SR141716. Irrespective of treatment group, there was a significant increase in freezing across conditioning trials (ANOVA effect of trial: F1,42=295.33, *P*\<0.01, *n*=9--14). Drug treatment did not affect freezing during the initial trial block of extinction training (ANOVA effect for treatment effect: *P*\>0.05). There was significant increase in freezing across extinction trial blocks (ANOVA effect of trial block: F1,42=75.06, *P*\<0.01), but no effect of treatment (*P*\>0.05) ([Supplementary Figure S4b](#sup1){ref-type="supplementary-material"}). On extinction retrieval, fluoxetine-treated mice showed the expected reduction in freezing, relative to water controls, but this facilitatory effect was absent in mice that had received SR141716 infusions (ANOVA effect for treatment F3,42=3.33, *P*\<0.05; *post hoc* comparisons: water *vs* fluoxetine *P*\<0.05, water *vs* fluoxetine *P*\<0.05, fluoxetine *vs* fluoxetine+SR141716 *P*\>0.05, fluoxetine *vs* SR141716 *P*\>0.05) ([Figure 3b](#fig3){ref-type="fig"}), confirming that CB1R signaling in the BLA is necessary for fluoxetine\'s pro-extinction effects.

Fluoxetine and FAAH Inhibition have Comparable, Non-Additive Effects on Extinction
----------------------------------------------------------------------------------

The results of our experiments up to this point suggest a scheme by which fluoxetine inhibits FAAH to elevate BLA anandamide, activates CB1R, and thereby promotes extinction. If fluoxetine and FAAH inhibition exert their pro-extinction effects by recruiting similar downstream mechanisms (e.g., activate CB1R), then combined treatment with the two drugs might not be able to exert additive effects on extinction.

To test for this, we first sought to replicate the earlier finding that pre-extinction administration of the selective FAAH inhibitor, AM3506 ([@bib30]), facilitated extinction retrieval. There was a significant increase in freezing across conditioning trials (ANOVA effect of trial: F1,16=67.85, *P*\<0.01, *n*=6--12). Drug treatment did not affect freezing during the initial trial block of extinction training (ANOVA effect for treatment effect: *P*\>0.05). There was no change in freezing across extinction trial blocks (ANOVA effect of trial block: *P*\>0.05) and no effect of drug treatment (*P*\>0.05) ([Supplementary Figure S4c](#sup1){ref-type="supplementary-material"}). On extinction retrieval, mice injected with AM3056 froze significantly less than vehicle-alone controls (*t*-test treatment effect: *t*(16)=4.50, *P*\<0.05) ([Figure 3c](#fig3){ref-type="fig"}), confirming a pro-extinction effect of the FAAH inhibitor.

We next examined the effects of cotreating mice with fluoxetine and AM3506. There was a significant increase in freezing across conditioning trials (ANOVA effect of trial: F1,63=718.31, *P*\<0.01, *n*=15--18). Drug treatment did not affect freezing during the initial trial block of extinction training (ANOVA effect for treatment effect: *P*\>0.05). There was a significant decrease in freezing across extinction trial blocks (ANOVA effect of trial block: F1,58=19.73, *P*\<0.01), regardless of treatment group (*P*\>0.05) ([Supplementary Figure S4d](#sup1){ref-type="supplementary-material"}). On extinction retrieval, there was significantly less freezing in mice that had been treated with fluoxetine or AM3506, or the combination of the two, as compared with water, but the reduction in freezing was no greater in the combined-treatment group (ANOVA effect for treatment F3,63=2.85, *P*\<0.05, followed by *post hoc* comparisons) ([Figure 3d](#fig3){ref-type="fig"}), demonstrating the absence of an additive drug effect.

We also tested whether combined treatment with subthreshold doses of fluoxetine and AM3506 would produce demonstrable behavioral effects, but found that none of the single or combined treatments differed from untreated controls on conditioning, extinction, or extinction retrieval (all statistical tests: *P*\>0.05; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Citalopram does not Facilitate Fear Extinction or Elevate Amygdala eCBs
-----------------------------------------------------------------------

The finding that fluoxetine facilitates extinction by augmenting eCB activity in the BLA suggests a novel mechanism by which antidepressants produce therapeutic efficacy in disorders, such as trauma- and stressor-related disorders (formerly classified as post-traumatic stress disorder). However, in contrast to fluoxetine, previous studies have found that chronic administration of other SSRIs, such as citalopram, does not exert extinction facilitating activity in rats ([@bib14]). This led us to ask whether citalopram may differ from fluoxetine in not altering eCBs.

To test for this, we first sought to confirm and extend the published data in rats by showing that citalopram fails to facilitate extinction in the S1 mouse strain. Regardless of treatment, we found a significant increase in freezing across conditioning trials (ANOVA effect of trial: F1,34=414.82, *P*\<0.01, *n*=18). Drug treatment did not affect freezing during the initial trial block of extinction training (ANOVA effect for treatment effect: *P*\>0.05). There was a decrease in freezing across extinction trial blocks (ANOVA effect of trial block: F1,34=7.60, *P*\<0.01) ([Supplementary Figure S4e](#sup1){ref-type="supplementary-material"}). In contrast to the profile seen with fluoxetine treatment, citalopram-treated mice froze at similar levels as water controls during extinction retrieval (*t*-test effect of treatment: *P*\>0.05) ([Figure 4a](#fig4){ref-type="fig"}).

We then performed a parallel neurochemical experiment, to test whether the negative behavioral effects of citalopram treatment were associated with the absence of changes in BLA eCBs. We found that citalopram-treated mice indeed showed levels of both anandamide and 2-AG comparable to levels in water controls in the BLA ([Figures 4b and c](#fig4){ref-type="fig"}), as well as DH, dorsal striatum, and PFC (all *t*-test effects: *P*\>0.05, *n*=18) ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

DISCUSSION
==========

The results of the current study uncover a previously unappreciated contribution of eCBs to the fear extinction promoting actions of fluoxetine, and identify the BLA as a critical locus underlying these effects.

An enhancement in extinction retrieval following chronic treatment with fluoxetine has been reported in numerous studies in rats and various mouse strains ([@bib15]; [@bib19], [@bib20]; [@bib33]; [@bib48]; [@bib59]; [@bib64]; [@bib66]; [@bib72]). In prior work, this behavioral effect has been linked to alterations in the BLA expression of PNNs and plasticity-regulating proteins, such as BDNF, and the enhancement of excitatory synaptic currents and LTP ([@bib1]; [@bib28]; [@bib48]; [@bib62]; [@bib64]). Our current findings demonstrate that chronic fluoxetine\'s pro-extinction effects are also associated with marked changes in BLA eCBs and eCB-mediated synaptic plasticity. More specifically, our data suggest a model in which fluoxetine elevates BLA anandamide levels, through the inhibition of FAAH activity, to suppress inhibitory transmission via tonic CB1 receptor activation. We postulate that the consequence of this decrease in inhibitory transmission is to relieve a functional constraint on extinction-generating plasticity at excitatory BLA pyramidal neurons ([@bib7]; [@bib36]).

The eCB-related effects on extinction we report here may occur in parallel to the other reported plasticity-related changes in the BLA produced by fluoxetine, or may be functionally interlinked with them. For example, BDNF is known to stimulate eCBs and promote eCB-dependent plasticity in the cortex and midbrain ([@bib50]; [@bib79]), suggesting the two systems could interact to mediate fluoxetine\'s effects on extinction. Whether eCBs could also affect extinction-constraining interneuronal PNNs in the BLA ([@bib28]; [@bib48]) is currently less clear. While prior work shows that fluoxetine reduces the number of PNNs on parvalbumin-positive (but not calbindin or calretinin) BLA interneurons ([@bib48]), the drug\'s effects on the cholecystokinin (CCK)-positive interneuronal subtype on which CB1R is almost exclusively expressed ([@bib49]; [@bib76]) remain unknown. The potential effects of fluoxetine on CCK-PNNs is particularly intriguing in light of recent evidence that extinction training increases both CB1R expression and the number of perisomatic synapses at CCK-positive interneurons located proximal to BLA pyramidal cells active during training ([@bib74]) and, more generally, known interactions between CCK and eCB signaling in the context of extinction ([@bib9]). However, it still remains unclear whether FAAH is indeed expressed on extinction-mediating BLA principal neurons receiving synaptic contacts from CCK/CB1R-positive interneurons.

Other aspects of fluoxetine\'s effects on BLA eCBs also require clarification. The current results do not establish the precise mechanism by which fluoxetine elevates anandamide levels in the BLA. A number of plausible candidates exist, including *N*-arachidonoyl-serotonin (AA-5-HT). AA-5HT has been shown to inhibit FAAH (and the TRPV1 receptor) ([@bib6]; [@bib68]) and exert anxiolytic-like and antistress effects following systemic or direct intra-BLA administration ([@bib45]; [@bib52]; [@bib56]). However, given the technical difficulty of accurately measuring AA-5-HT in neural tissue, it is unclear whether there are functionally relevant increases after fluoxetine treatment. It should also be noted that the fluoxetine-induced decrease in FAAH activity, whether occurring via AA-5HT or other molecules, was modest by comparison with FAAH inhibitors, such as AM3506 and URB597 ([@bib27]; [@bib30]; [@bib63]). Moreover, despite a modest effect of chronic fluoxetine on the activity of FAAH in the BLA, we did not detect fluoxetine-induced changes in hFAAH enzymatic activity (*in vitro*), the mRNA expression (*ex vivo*) of *Faah*, or a suite of other enzymes involved in anandamide synthesis and catabolism. This raises the possibility that, in addition to the inhibitory effects on FAAH catalytic activity we observed here, fluoxetine exerts actions on the production and degradation of anandamide that are yet to be identified. Another consideration is that the eCB-dependent effects of fluoxetine on extinction are not necessarily mediated solely via anandamide, but could involve alternate mechanisms that result in the increased CB1R sensitivity that is seen in other brain regions following chronic fluoxetine treatment ([@bib51]).

Whatever the precise neural basis of fluoxetine\'s effects on extinction and eCBs, they do not appear to be a characteristic that is broadly shared by SSRIs. In line with prior work showing that chronic citalopram impairs extinction in rats ([@bib14]), we found that chronic treatment with citalopram in extinction-deficient S1 mice failed to facilitate extinction and did not increase levels of anandamide in the BLA. These differences are likely attributable to distinct pharmacological profiles of the two drugs ([@bib69]). Although both drugs fall into SSRI class, citalopram is highly selective for the 5-HT transporter, whereas fluoxetine has activity at the norepinephrine transporter and various receptors, including the 5-HT2A and 5-HT2C subtypes ([@bib69]). Thus, one or more of these off-target actions could potentially contribute to fluoxetine\'s eCB-mediated extinction-promoting effects, and their absence with citalopram. In this context, trace fear extinction in mice is facilitated or disrupted by systemic agonism or antagonism, respectively, of 5-HT2A receptors ([@bib78]). The norepinephrine system is also implicated in fear and extinction ([@bib11]; [@bib42]) and eCB effects on fear memory have been shown to require *β*-adrenoceptors in the BLA ([@bib4]; [@bib67]). A previous study found that the antidepressant-related effects of fluoxetine, but not citalopram, were absent in (dopamine *β*-hydroxylase knockout) mice lacking endogenous norepinephrine mutant ([@bib18]). These findings suggest the interesting possibility of norepinephrine recruitment in the eCB-mediated effects of fluoxetine on extinction.

SSRIs including fluoxetine (Prozac) remain a front-line treatment for anxiety disorders, including trauma- and stressor-related disorders, but there has been surprisingly little investigation of their effects on fear extinction and its clinical analogue, exposure therapy ([@bib71]), although one recent study did report that chronic escitalopram treatment facilitated fear extinction in healthy human subjects ([@bib10]). The current findings add to growing preclinical evidence that fluoxetine may be an effective adjunct to exposure therapy for anxiety disorders. They also predict that, given their eCB mode of action, these effects could be therapeutically mimicked by directly targeting anandamide (e.g., with FAAH inhibitors ([@bib29]; [@bib58]). Lastly, they suggest that individual differences in eCB levels ([@bib22]; [@bib37], [@bib40]) or variation in eCB amygdala function because of gene variation in *FAAH* or *CB1R* ([@bib21]; [@bib32]; [@bib57]) could significantly modify the efficacy of fluoxetine as an adjunct to exposure therapy. In this regard, the current study used a single mouse model of impaired extinction and although the pro-extinction effects of chronic fluoxetine are seen in rats and other genetic mouse strains, it would prove valuable to generalize the role of eCBs in the drug\'s effects to other rodent models.

In conclusion, the current study reveals a novel contribution of eCBs in the extinction-facilitating effects of fluoxetine. We demonstrate that chronic treatment with fluoxetine modestly inhibits the activity of FAAH, the major catabolic enzyme for the eCB anandamide, and elevates anandamide levels in the BLA, a key neural locus for fear extinction ([@bib12]; [@bib73]). Moreover, we found these neurochemical changes produce a tonic suppression of inhibitory transmission in the BLA to positively gate the activity of extinction-generating pyramidal neurons in this brain region. Demonstrating the functional necessity of BLA eCB signaling for fluoxetine\'s extinction-promoting actions, we were able to prevent these effects via either systemic or BLA-specific blockade of CB1R. We also found that administration of an FAAH inhibitor mimicked the extinction-facilitating effects of fluoxetine, but combined treatment with both drugs did not produce a greater effect than either alone. Finally, we showed that the highly selective SSRI, citalopram, failed to affect extinction or brain eCBs. Collectively, these findings identify a critical neural mechanism mediating fluoxetine\'s effects, with implications for the selection and future development of compounds for the treatment of anxiety disorders.
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![Fluoxetine augments amygdala anandamide levels and inhibits fatty acid amide hydrolase (FAAH) activity. Chronic fluoxetine treatment increased basolateral amygdala (BLA) levels of anandamide (a) and oleoylethanolamide (b). Anandamide levels were increased in the dorsal hippocampus (HC) and dorsal striatum, but not prefrontal cortex (PFC), after chronic fluoxetine (c). Chronic fluoxetine increased 2-arachidonylglycerol (2-AG) levels in the dorsal hippocampus but not in the other brain regions examined (d). BLA expression of a suite of genes involved in endocannabinoid (eCB) synthesis and degradation was normal after chronic fluoxetine (e). FAAH activity in the BLA was reduced after chronic fluoxetine (f). Data are means±SEM. \**P*\<0.05. Flx, fluoxetine; Wtr, water.](npp2015318f1){#fig1}

![Fluoxetine amplifies endocannabinoid (eCB)-mediated suppression of inhibitory amygdala transmission. Cartoon depiction of recordings of inhibitory transmission in the basolateral amygdala (BLA), with example traces showing effects of the CB1 receptor (CB1R) antagonist, SR141716 (SR) (a). Application of SR141716 increased inhibitory postsynaptic potential (IPSP) amplitude after chronic fluoxetine, unmasking eCB-mediated suppression of inhibitory transmission (b, c). Depolarization-induced suppression of inhibition was unaltered after chronic fluoxetine treatment (scale bars: 100 pA, 10-ms, stimulation artifacts deleted from traces for clarity) (d, e). Data are means±SEM. \**P*\<0.01. eIPSC, evoked inhibitory postsynaptic current; Flx, fluoxetine; GABA, *γ*-aminobutyric acid; Wtr, water.](npp2015318f2){#fig2}

![Fluoxetine (Flx) facilitates extinction through CB1 receptor (CB1R) signaling in the amygdala. Chronic fluoxetine treatment following conditioning and before extinction reduced freezing on extinction retrieval in a manner prevented by pre-extinction administration of the CB1R antagonist, SR141716 (SR) (a). Chronic fluoxetine after conditioning and before extinction reduced freezing on extinction retrieval in a manner prevented by pre-extinction bilateral microinfusion of the CB1R antagonist, SR141716, into the basolateral amygdala (BLA) (b). Pre-extinction administration of the fatty acid amide hydrolase (FAAH) inhibitor, AM3506, reduced freezing on extinction retrieval (c). Chronic fluoxetine treatment or administration of the FAAH inhibitor, AM3506, before extinction reduced freezing on extinction retrieval in a non-additive manner (d). Data are means±SEM. \**P*\<0.05. AM, AM3506; Con, conditioning; Ext, extinction; Flx, fluoxetine; Ret, retrieval; Wtr, water.](npp2015318f3){#fig3}

![Citalopram (Cit) does not facilitate fear extinction or elevate amygdala endocannabinoids (eCBs). Chronic citalopram treatment following conditioning and before extinction did not alter freezing on extinction retrieval (a). Chronic citalopram treatment did not alter basolateral amygdala (BLA) levels of anandamide (b) or 2-arachidonylglycerol (2-AG) (c). Data are means±SEM. Con, conditioning; Ext, extinction; Ret, retrieval; Wtr, water.](npp2015318f4){#fig4}
